Purpose: Aim of this study was to determine whether BORIS (Brother of the Regulator of Imprinted Sites) is a regulator of MAGEA2, MAGEA3, and MAGEA4 genes in lung cancer.
Introduction
Genomes of tumors are frequently characterized by alterations in the DNA methylation patterns (1) (2) (3) . Hyperand hypomethylation of individual gene promoters (4) (5) (6) (7) (8) (9) (10) as well as global hypomethylation are commonly found in a variety of tumors. Hypermethylation of tumor suppressor genes leads to their inactivation, whereas demethylation may cause activation of proto-oncogenes. One class of genes that is upregulated in many types of human tumors by promoter hypomethylation is the cancer testis antigens (CTA), so named because they are expressed only in male germ cells and are also aberrantly upregulated in a variety of cancers including lung and melanoma (11) (12) (13) (14) . The frequency of expression of the CTAs is variable in different tumor types and has been found to correlate with tumor grade. Melanomas, lung cancers, and ovarian cancers have the highest frequency of CTA expression, whereas leukemia, lymphomas, renal, colon, and pancreatic cancers have a lower frequency of CTA expression. An expression array study conducted in lung cancer cell lines showed that 30% of the overexpressed genes (6 of 20) were CTAs (5 MAGEA and NY-ESO-1; ref. 15) . The results were validated by immunohistochemical testing for protein using a tissue microarray containing 187 non-small cell lung cancer (NSCLC) clinical samples. Derepression of these genes in cultured cells after treatment with DNA methyltransferase inhibitors like 5-aza-2 0 -deoxycytidine shows that demethylation is a key factor governing the regulation of these genes (16) (17) (18) (19) . Using an integrative epigenetic screening approach, we have previously shown that CTAs are upregulated in NSCLC and head and neck squamous cell carcinoma (HNSCC) by promoter hypomethylation (18, 19) .
Although it is now well accepted that CTAs are epigenetically controlled, the regulatory mechanisms of these genes remain unclear. The transcription factor Brother of the Regulator of Imprinted Sites (BORIS) has emerged as a plausible candidate for the role of a dominant regulator of these genes. BORIS is a transcription factor that is paralogous to the well-characterized, highly conserved, multivalent 11 Zn finger factor CTCF (20, 21) . The combinatorial use of its 11 Zn fingers allows CTCF to bind to distinct DNA sequences and makes it functionally versatile (22, 23) . It functions as a transcriptional regulator and forms methylation-dependent insulators that regulate genomic imprinting and X chromosome inactivation (23) . BORIS is the paralogue of CTCF with an identical 11 Zn finger domain but distinct N-and Ctermini. It plays a crucial role in spermatogenesis by regulating the expression of testis-specific form of CST, a gene that is essential for spermatogenesis (24) . Thus far, 2 reports have suggested a direct role for BORIS in the regulation of the CTA gene expression. Vatolin and colleagues have shown that overexpression of BORIS in normal cells leads to MAGEA1 promoter demethylation resulting in derepression of MAGEA1 expression (25) . Also, reciprocal binding of CTCF and BORIS to the NY-ESO-1 promoter in lung cancer cells regulates the expression of this CTA (26) . Binding of CTCF is associated with repression, whereas binding of BORIS is associated with derepression of NY-ESO-1 expression. In 2 studies, we have shown a correlation between the expression of CTAs and BORIS in NSCLCs and HNSCCs, suggesting a role for BORIS in the epigenetic derepression of this class of genes in human cancers (18, 19) . The aim of this study was to determine whether BORIS is a regulator of MAGE A2, MAGEA3, and MAGEA4 genes in lung cancer.
Materials and Methods

Cell lines, plasmids, and transfections
Normal human bronchial epithelial cells (NHBE) were obtained from Lonza and grown according to manufacturer's instructions. Lung cancer cell lines H1299 and A549 were obtained from American Type Cell Culture. The lung cancer cells were cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin and incubated at 37 C and 5% CO 2 . Small hairpin RNA (shRNA) plasmids for BORIS knockdown were purchased from Origene. H1299 cells were transiently transfected with 4 mg shRNA plasmid carrying BORIS-specific shRNA cassette or the plasmid carrying a noneffective scrambled shRNA cassette using Lipofectamine 2000 (Invitrogen). They were harvested in QIAzol (Qiagen) for total RNA extraction 48 hours posttransfection. For ectopic BORIS expression, BORIS expression plasmid (pBIG2i-BORIS) and the control empty vector were used (19, 25) . A549 cells were transfected with 1 mg of the plasmids using FuGENE HD (Roche). Twenty-four hours post transfection, cells were induced with 0.125 mg/mL doxycycline and were allowed to grow for 48 hours before harvesting for RNA/DNA extraction. For chromatin immunoprecipitation (ChIP) analysis, cells were grown in 150 cm 2 dishes and transfected with 16 mg of the BORIS expression plasmid or the control empty vector. They were then induced with doxycycline as described above and harvested for ChIP analysis.
RNA extraction and quantitative reverse-transcription PCR
Total RNA was extracted from cultured cells using QIAzol and RNeasy mini kit (Qiagen). Cells were harvested in QIAzol and RNA was extracted using the RNeasy Kit according to the manufacturer's instructions. RNA was reverse transcribed to cDNA using qScript cDNA mix (Quanta Biosciences). Real-time PCR was carried out using the Fast SYBR Green Master Mix on the ABI 7900HT RealTime PCR Machine (Applied Biosystems). Primers used are listed in Supplementary Table S1 .
ChIP assay
Exponentially growing H1299 and NHBE cells were used for ChIP assay. ChIP was carried out using the Magna ChIP G Chromatin Immunoprecipitation Kit (Millipore) according to manufacturer's instructions. We used 2 different BORIS antibodies for this assay: commercially available antibody from Abcam (Cambridge) and an antibody kindly provided by Dr. Gius (27) . Histone antibodies used are anti-rabbit trimethyl-H3K4, acetyl-H3K9/14, and trimethyl-H3K9 (Millipore). Nonspecific rabbit IgG (Millipore) was used as control. A549 cells transfected with BORIS expression plasmid or the control empty vector were also used for this assay.
Construction of luciferase constructs
Promoter fragments were synthesized and cloned into the pUC57 vector by Genscript. The fragments were then
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subcloned into the pGL3-basic vector (Promega Corporation). The fragments cloned were as follows: MAGEA2: 1,000 bp upstream of the transcription start site up to the middle of the fourth exon, MAGEA3: 1,000 bps upstream up to the end of the second exon, and MAGEA4: 1,000 bps upstream to the middle of the first intron. MAGEA2 and MAGEA4 promoter fragments were cloned between KpnI and HindIII restriction sites. The MAGEA3 promoter fragment was cloned between SmaI and HindIII restriction sites. Sequences of the promoter regions were confirmed by sequencing.
Luciferase assay
H1299 cells were transfected with BORIS shRNA plasmid or nonspecific scramble shRNA plasmid using Lipofectamine 2000 reagent. At 48 hours after transfection, cells were transfected again with either specific promoter luciferase constructs (described above) or pGL3-basic vector (Promega) and pRL-TK (Promega) at a ratio of 50:1. pRL-TK served as an internal control. Twenty-four hours after transfection with the promoter luciferase constructs, cells were washed with PBS and lysed with 1Â PLB (passive lysis buffer) provided in the dual luciferase reporter assay system (Promega) for 30 minutes at room temperature with gentle shaking. The lysates were collected and dual luciferase activity measured using GloMax 96 microplate luminometer (Promega) according to the manufacturer's protocol. Briefly, 20 mL of the lysates were mixed with luciferase assay reagent (LARII) and firefly luminescence measured. Following measurement of the firefly luciferase activity, the reactions were stopped using the stop and glo buffer and the Renilla luciferase activity was measured. The firefly luciferase activity that represented the activity of the cloned promoter region was normalized to the Renilla luciferase activity. A549 cells transfected with BORIS expression plasmid or the empty vector were also used for this assay. Cells were transfected with the expression or the control plasmid and induced with 0.125 mg/mL doxycycline 24 hours after transfection. Forty-eight hours after induction with doxycycline, the cells were transfected with promoter luciferase constructs or pGL3-basic vector and pRL-TK as described above. At 24 hours after this second transfection, the cells were lysed and luciferase activity recorded.
DNA extraction, bisulfite sequencing, and quantitative methylation-specific PCR DNA extraction, bisulfite sequencing, and quantitative methylation-specific PCR (QMSP) were carried out as described before (4, 18) . For QMSP, primers were designed to specifically include CpGs that showed changes in methylation seen by bisulfite sequencing. Real-time PCR was carried out using the Fast SYBR Green Master Mix on the ABI 7900HT real-time PCR machine with normalization to b-actin primers that do not contain CpGs in the sequence for quantitation. Primers used are listed in Supplementary  Table S1 .
Results
BORIS and CTAs are derepressed in lung cancer cell lines compared with normal lung cells
We used quantitative reverse-transcription PCR (qRT-PCR) to determine the expression levels of BORIS, MAGEA2, MAGEA3, and MAGEA4 in lung cancer cell lines H1299 and A549, and in a normal lung cell line, NHBE. Expression levels of these genes in the 3 cell lines are shown in Table 1 . H1299 cells showed the highest levels of expression of BORIS as well as all the CT genes tested. NHBE cells showed very low or no expression of these genes. On the basis of these expression profiles, we selected H1299 for studying the effects of BORIS knockdown on the target genes. A549 cells showed very low levels of BORIS and the target CTAs and were used for inducing BORIS expression to look at the effect of its overexpression on target CTAs.
BORIS derepresses CTAs in lung cancer cell lines
To evaluate the effect of BORIS on the expression of the selected targets, we knocked down the expression of BORIS in H1299 cells using a plasmid carrying a BORIS-specific shRNA cassette. H1299 cells were transiently transfected with the BORIS shRNA plasmid and control plasmid carrying a scramble shRNA sequence. At 48 hours after transfection, we measured the changes in the mRNA levels of BORIS and the target CTAs. BORIS mRNA levels were knocked down to approximately 40% compared with the control plasmid transfected cells as measured by qRT-PCR (Fig. 1A) . Upon reduction of BORIS expression, the expression of all the selected targets as well as 2 control CTAs, MAGEA1 and NY-ESO-1, were reduced by 20% to 40% compared with the control cells (Fig. 1A) . We then wanted to see whether aberrant BORIS expression in a lowexpressing cell line would alter the expression profile of the target CTAs. We, therefore, transiently induced BORIS expression in the A549 cell line, which shows low levels of BORIS and other CTAs. Following transient transfection of the cells with BORIS expression plasmid and induction with doxycycline, we measured the mRNA levels of BORIS Research.
on July 13, 2017. © 2011 American Association for Cancer clincancerres.aacrjournals.org Downloaded from and the CTAs. Cells transfected with the empty vector were used as control. There was significant upregulation of BORIS mRNA in the cells transfected with the BORIS expression plasmid (Fig. 1B) . We also saw a marked increase in the levels of the MAGEA2, MAGEA3, and MAGEA4 expression in these cells (Fig. 1B) . These results showed that altering the levels of BORIS expression in cells positively correlates with the levels of the target CTAs suggesting a role for BORIS in the activation of these genes. We could not validate BORIS protein levels due to unavailability of acceptable antibody for Western blot.
BORIS is recruited to the promoters of MAGEA2, MAGEA3, and MAGEA4 in vivo
In light of the finding that BORIS regulates the levels of MAGEA2, MAGEA3, and MAGEA4 gene transcription, we wanted to investigate whether this was a direct effect of BORIS binding to their promoters. Therefore, we looked for binding of BORIS at the promoters of these genes in H1299 and NHBE cells using ChIP assay. With prior knowledge of BORIS binding to the promoter of MAGEA1 as shown by Vatolin and colleagues (25), we were able to delineate the homologous promoter regions of MAGEA2, MAGEA3, and MAGEA4 to be tested for BORIS binding. The promoter regions tested for BORIS binding are shown in Supplementary Figure S1 . We used 2 different BORIS antibodies for this assay (a commercially available antibody from Abcam and an antibody provided by Dr. Gius; ref. 27 ) and obtained similar results using both antibodies. We found that BORIS was enriched at the promoter regions of all the 3 MAGEA targets in the H1299 cells ( Fig. 2A) . BORIS was also enriched at the control promoter, MAGEA1, in H1299 cells ( Fig. 2A) . On the other hand, no BORIS binding was seen at the target or the control gene promoters in the NHBE cells (Fig. 2A) . This suggested that BORIS binding to the promoters of the target genes is associated with their derepression in H1299 cells. These genes remain repressed in NHBE cells in absence of BORIS binding.
As shown in Figure 1B , BORIS induction in A549 cells causes a marked increase in the expression levels of MAGEA2, MAGEA3, and MAGEA4. We wanted to see whether the increased expression of the target genes was accompanied by an increased BORIS binding at their promoters. Therefore, we determined the binding of BORIS at their promoters following induction of BORIS as described above. Increased levels of BORIS and increased expression of the target CTAs coincided with increased occupancy of the promoters by BORIS (Fig. 2B) . No BORIS binding was seen at the promoters in the empty vector transfected cells (Fig. 2B) . These results indicate that BORIS activates it targets by binding to their promoters.
BORIS activates the promoters of MAGEA2, MAGEA3, and MAGEA4
Confirmation of BORIS recruitment at the 3 target MAGEA promoters as well as regulation of these genes by BORIS led us to investigate the regulation of their promoters by BORIS. We conducted luciferase reporter assays to investigate the regulation of the promoters by BORIS in lung cancer and normal cells. We cloned the promoters of the 3 genes upstream of the luciferase gene in the promoter-less plasmid, pGL3-basic. Using shRNA, we knocked down the levels of BORIS expression in H1299 cells. To ensure BORIS levels were knocked down before we measured the promoter activity, we treated the cells with shRNA for 48 hours before transfecting the promoter luciferase constructs. Luciferase activity was measured 24 hours after transfection with the promoter constructs. Cells transfected with BORIS shRNA showed a dramatic decrease in the luciferase activity compared with the cells treated with nonspecific scrambled shRNA (Fig. 3A) . We also measured the promoter activity in A549 cells following induction of BORIS expression. BORIS induction in A549 cells markedly increased the activity of all 3 promoters tested (Fig. 3B) . These results indicated that BORIS binds to and activates the promoters of the 3 MAGEA genes tested.
BORIS recruitment at the promoters coincides with the enrichment of activating histone modifications
In the past decade, a new concept called the "histone code" hypothesis has emerged that explains the functional consequences of the variable types of covalent modifications present on the core histone tails. According to this hypothesis, the types of covalent modifications associated with histone tails dictate the recruitment of specific factors that in turn define the formation of open or closed chromatin structures (28) (29) (30) (31) (32) (33) (34) (35) . BORIS has been shown to change the histone methylation status of the bag-1 gene from a nonpermissive to permissive status (27) . BORIS also helps in the recruitment of histone (H3K4) methyltransferase, SET1A, onto the promoters of myc and BRCA1 to promote a permissive histone modification status (36) . We wanted to determine whether BORIS occupancy of the MAGEA promoters was associated with specific histone tail modifications. Therefore, we used ChIP to determine the type of histone modifications enriched at the promoters of these genes in the presence or absence of BORIS. We tested the presence of 2 modifications that are enriched in transcriptionally active chromatin regions, namely acetylated histone H3 lysine 9/14 (H3K9/14) and trimethylated histone H3 lysine 4 (H3K4) and one that is present in transcriptionally silent regions, namely trimethylated histone H3 lysine 9 (H3K9). In H1299 cells, the presence of BORIS at the promoter regions coincided with the presence of the 2 activating modifications (Fig. 4A) . In NHBE cells, on the other hand, the absence of BORIS coincided with the presence of the silencing modification (Fig. 4A) . We then checked whether changing levels of BORIS in cells would alter the levels of different histone modifications at the target gene promoters. We induced the expression of BORIS in A549 cells and determined the levels of different histone modifications at the target gene promoters. Cells transfected with the empty vector were used as control. Induction of BORIS resulted in increased levels of BORIS occupancy at the target promoters as shown in Figure 2B . This increased BORIS presence at the promoters, resulted in increased presence of the activating histone modifications, acetylated H3K9/14 and trimethylated H3K4, at the promoters compared with the control cells (Fig. 4B) . This suggested that presence of BORIS at the promoters induces a change in the histone modification pattern more conducive to active gene transcription. Surprisingly, levels of the repressive mark trimethyl H3K9 also increased at these promoters in presence of BORIS (Fig. 4B) .
BORIS expression is associated with demethylation of MAGEA3 promoter It has been reported previously that aberrant BORIS expression in NHDF cells (normal human dermal fibroblasts) causes demethylation of the MAGEA1 promoter (25) . We carried out bisulfite sequencing and QMSP to assess the changes in methylation status of MAGEA2, MAGEA3, and MAGEA4 promoters associated with aberrant BORIS expression. We induced the expression of BORIS in A549 cells and analyzed the methylation status of the MAGEA2, MAGEA3, and MAGEA4 promoters using bisulfite sequencing. MAGEA3 promoter showed reduced methylation of 4 of 15 CpG dinucleotides analyzed, as judged by a reduced cytosine to thymine nucleotide ratio, upon overexpression of BORIS (Fig. 5A) . We did not see any changes in the methylation of CpG dinucleotides in the MAGEA2 and MAGEA4 promoters under similar conditions of BORIS overexpression (data not shown). The promoter region of MAGEA3 analyzed by bisulfite sequencing is shown in Supplementary Figure S2 . We next carried out QMSP to confirm the changes in methylation seen in the MAGEA3 promoter. We saw a significant reduction in the methylation of the MAGEA3 promoter upon overexpression of BORIS (Fig. 5B) . These results indicate that BORIS may regulate the expression of MAGEA3 by promoting demethylation of its promoter. However, the lack of any changes in the methylation of MAGEA2 and MAGEA4 promoter regions upon BORIS overexpression may indicate an alternative mechanism by which BORIS regulates their expression.
Discussion
CTAs are proteins that are normally expressed only in the male germ cells. These proteins are not expressed in other normal somatic tissues but are aberrantly upregulated in a variety of cancers like lung and melanoma. The expression of CT genes is known to be regulated epigenetically by promoter methylation. Global hypomethylation, which is a hallmark of many cancers, as well as promoter-specific demethylation are the key factors involved in the derepression of these genes in a wide variety of cancers, and we have shown that CTAs are upregulated in NSCLCs and HNSCCs by promoter hypomethylation. Although it is well known that methylation plays a role in the regulation of these genes, the mechanism of their regulatory pathway remains unknown. Whether these highly homologous genes that show coordinated expression patterns (37, 38) are under the control of a common pathway is still an open question. Two recent reports have suggested a role for BORIS in the regulation of the CTAs, MAGEA1 and NY-ESO-1. With the knowledge that BORIS regulates the transcription of 2 CTAs and the premise that CTAs may have a common regulatory pathway, we investigated whether BORIS also regulates the expression of 3 other MAGEA genes MAGEA2, MAGEA3, and MAGEA4. Our study revealed a direct correlation between BORIS induction and expression of the 3 MAGEA genes. Interestingly, we also saw that increased amounts of BORIS resulted in increased recruitment of BORIS at the target promoters. This clearly suggested that BORIS is an effector in the upregulation of these genes and does so by directly binding to their promoters. Promoter activity assays further validated the role of BORIS in activating these promoters. Thus, these data suggest that BORIS is a significant regulator of a broad range of CTAs.
Our data indicate that BORIS is involved in the activation of the CTAs tested. However, the underlying mechanism(s) by which BORIS activates these CTAs still remains incompletely defined. Our study shows that binding of BORIS at the CT gene promoters results in enrichment of 2 histone modifications at these promoters, acetylated H3K9/14 and methylated H3K4, that are known to play a role in the formation of open chromatin conformation. According to the histone code hypothesis, combinations of core histone modifications define binding sites for different types of proteins that in turn dictate the formation of open or closed chromatin conformation. This suggests that BORIS binding may help in shifting the chromatin conformation from a closed to a more open state. The kind of transcriptional activators that BORIS binding helps in recruiting to the promoters would be of significant interest and may help further define the role of BORIS in transcriptional activation. Another mechanism by which BORIS may be speculated to regulate the expression of CTAs is via promoter demethylation. It has been reported in the literature that BORIS overexpression is associated with the demethylation of at least 1 CTA promoter MAGEA1 (25) . In this study, we have shown that BORIS overexpression induces demethylation of another CTA promoter, MAGEA3, which further supports the role for BORIS as a demethylation promoting factor. However, the lack of change in promoter methylation of the other 2 CTAs studied, (MAGEA2 and MAGEA4) indicates the possibility of transcriptional regulation independent of promoter methylation changes. For example, NY-ESO-1 is derepressed in lung cancer cells by BORISmediated recruitment of a transcription factor Sp1 onto its promoter (39) , and derepression of this CTA does not coincide with the demethylation of its promoter (26, 39) . These observations further support our results that BORIS regulates CTA gene expression through methylation-dependent and -independent mechanisms. A recent report that investigated the role of BORIS in the regulation of Rb2/p130 gene transcription has shown that BORIS binding triggers changes in the local chromatin organization with respect to nucleosome positioning thus causing altered Rb2/p130 expression (40) . Evaluating the effects of BORIS on nucleosome positioning at the MAGEA promoters would provide significant insight into its mechanism of action. Overall, our study suggests the regulation of CT genes by BORIS via epigenetic alterations. Although it is beyond the scope of this work, it would be of great interest to identify the downstream effectors in the putative BORIS transcription factor pathway that may be involved in the establishment of the epigenetic marks at these promoters.
As mentioned above, a noteworthy feature of CTA expression is that CTAs are often coordinately expressed in solid tumors. In a study where expression of 12 CTAs was evaluated in primary lung cancer tissues, it was seen that 62% of the samples showed expression of 2 or more CTAs (38) . We have reported an epigenetic mechanism for the coordinated regulation of these genes in NSCLC (18) . The regulation of CTAs by a common transcriptional mechanism may also explain the coordinated expression profile of the antigens.
Because of their exclusive expression in a wide variety of human cancers and their ability to elicit cellular and humoral immune responses, CTAs are promising targets for cancer immunotherapy (41) (42) (43) . Two CTAs, MAGEA3 and NY-ESO-1, are being evaluated as targets for cancer vaccines in multiple clinical trials. If BORIS functions as a master activator of these genes, its induction might help in their upregulation that may in turn help the host in mounting an enhanced immune response. Finally, CTAs have been recently defined by us and other groups to have growth stimulatory properties (18, 19) , and the involvement of a common regulatory control of CTA expression provides an opportunity for development of therapeutic agents for CTA expressing cancers. 
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